Nature consists primarily of living materials, many of which are pathogenic microorganisms capable of killing and converting other organisms into copies of themselves [1, 2] . For self-defense, eukaryotes have gradually evolved immune systems, including the innate and adaptive immune systems [3] [4] [5] [6] [7] . Innate immunity has been found in plants, fungi, and metazoans; while jawed vertebrates have an evolved adaptive immune system in addition to the innate immunity defense [8] . Agnathans, represented by lamprey [9] and hagfish, are the oldest vertebrates that possess the adaptive immune defenses, although whether TCR and BCR exist in jawless vertebrates remains unknown. This adaptive immune system undergoes germline genomic rearrangements of insertion of diverse LRRs to generate various lymphatic receptors (VLRs). Three types of VLRs, VLRA, VLRB, and VLRC, have been identified in lampreys. VLRA and VLRB are expressed in lymphocytes that resemble T cells and B cells of jawed vertebrates, respectively. After being infected by a specific pathogen, B-cell-like lymphocytes increased the expression of VLRB, and VLRB was secreted in a manner analogous to the secretion of immunoglobulins by B cells [10, 11] . In this study, we report that lamprey serum can kill HeLa and NB4 cells in vitro. The phenomenon of cell killing in lamprey is different from the traditional cytotoxic effect in jawed vertebrates, and the results might be helpful for the research on the early diagnosis and therapy of neoplastic diseases of human beings.
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Adult lampreys were collected from the Tongjiang Section of the Heilongjiang River (Tongjiang, China) and housed in sand-lined aquariums at 208C. HeLa and NB4 cells were supplied by College of Life Science, Liaoning Normal University (Dalian, China). HeLa cells were maintained in Dulbecco's modified Eagle's medium (SigmaAldrich, St Louis, USA) and NB4 cells were maintained in RPMI 1640 medium (Sigma-Aldrich). Both media were supplemented with 10% fetus bovine serum (Sigma-Aldrich), 100 U/ml penicillin (Sigma-Aldrich), and 100 mg/ml streptomycin (Sigma-Aldrich). Cells were cultured in an incubator humidified with 5% CO 2 and 95% air at 378C. Normal adult lamprey (200-220 g in weight) was tailsevered, and blood was drawn into a 10-ml plastic centrifuge tube and allowed to clot at 48C overnight. Serum was separated by centrifugation (1680 g) for 10 min at 48C and was stored in a 1.5-ml centrifuge tube at 2208C. Before use, 5 ml of lamprey serum was dialyzed (molecular weight cut-off, 10 kDa) against phosphate buffered saline (PBS, three changes, a total of 2 l) for 24 h and adjusted to a final protein concentration of 20 mg/ml.
Cell death analyses were performed using propidiumiodide (PI; Sigma-Aldrich) staining with subsequent fluorescence-activated cell sorting (FACS) analysis. HeLa and NB4 cells (5 Â 10 6 ) were incubated with 20 mg/ml lamprey serum dialyzate for 15 min at room temperature, and PBS was used as a negative control. After that, the cell cultures were centrifuged at 150 g for 5 min, and the cells were collected, washed, and resuspended in 1 ml of cold PBS. The cells were further incubated with 100 ml of PI for 15 min at room temperature, and then 400 ml of 1Â annexinbinding buffer was added for flow cytometry (FACSAria II; BD Corporation, New York, USA) analysis. The results showed that incubation of lamprey serum with HeLa and NB4 cells for 15 min caused outer-membrane disruption and led to the formation of blebs (Fig. 1A) . At this time, the membrane quality was assessed by monitoring the membrane integrity. There was a higher percentage of cell death for HeLa (98.3%) and NB4 (96.2%) cells incubated with lamprey serum than for HeLa (18.8%) and NB4 (17.6%) cells incubated with PBS (Fig. 1B) . Most cell death occurred within a 15-min incubation in lamprey serum ( Fig. 2, P , 0.01) .
For morphological studies on cell death, HeLa and NB4 cell suspensions (5 Â 10 6 cells/ml in PBS) were centrifuged at 150 g for 5 min, and then cells were collected and resuspended in 200 ml of 20 mg/ml lamprey serum dialyzate (PBS as negative control) at room temperature for 15 min. After that, the cells were fixed with 2.5% glutaraldehyde (Sigma-Aldrich) in PBS for 2 h at room temperature and then dehydrated in a graded series of ethanol. The cell samples were subject to critical-point drying using liquid CO 2 and coated with platinum using a sputter coater, and then photographed using a field emission scanning electron microscope (KYKY-1000B SEM; KYKY Technology Development Ltd, Beijing, China). SEM analysis of the structural morphological features showed that the tumor cells treated with PBS were intact and possessed a smooth surface with a clear globular shape, whereas cells treated with the lamprey serum showed damage of the membrane and leakage of cellular components. Cell damage to the outer membrane of HeLa cells was observed by SEM following incubation with lamprey serum, and the result showed that a pore was formed at the surface of a HeLa cell (Fig. 3A) , with diameter of the pore-like structure .1 mm. As for NB4 cells, the initial morphological alterations of death occurred in the cell membrane (Fig. 3B) , and some prominences and channels were formed at the surface of the membrane. The cell in the bottom of the photomicrograph showed a normal morphology, the cell in the center showed degeneration, and the one at the top of the picture exhibited a late phase of death. Scale bar: 10 mm.
The cytolysis effect of lamprey serum on tumor cells was also analyzed by TEM. HeLa and NB4 cells (5 Â 10 6 cells/ml in PBS) were suspended in 200 ml of 20 mg/ml lamprey serum dialyzate (PBS as negative control) and incubated at room temperature for 15 min. After that, the cells were fixed with 1% osmium tetraoxide (Sigma-Aldrich) for 2 h. The cells were then washed with PBS and dehydrated in an ethanol series (25%, 50%, 75%, 95%, and 100%), transferred into propylene oxide, and embedded in Epon812. Ultrathin sections were obtained with a Leica EM UC6 ultramicrotome (Leica Microsystems, Wetzla, Germany) and mounted on a formvarcoated brass grid. The sections were stained with 2% (w/v) uranyl acetate in 70% (v/v) methanol and 0.5% lead citrate. Observations and image recording of the cells were performed with a JEM-2000EX TEM (JEOL Ltd, Tokyo, Japan). TEM examination of the cytolysis of tumor cells showed that, after incubation with serum, the cells underwent a rapid necrosis process and exhibited swelling and loss of membrane integrity. The nucleus swelled obviously, which almost filled the whole cell (Fig. 4A,B) . Furthermore, the number of free ribosomes increased, which finally led to lysis of the target cells. These results affirmed that the lamprey serum has anti-tumor cell activity, which is accomplished through membrane breakage.
In this study, we found that lamprey serum possessed important cytotoxic effects on tumor cells. After a 15-min incubation with lamprey serum, the morphological changes and cell organelle damage of the HeLa and NB4 cells could be observed. As for HeLa cells, a pore-like structure was formed on the membrane with the diameter being 2 mm, which is much bigger than the pore of terminal complement complex of complement ( 10 nm). As for NB4 cells, several cell protuberances were formed on the surfaces of NB4 cells, which finally led to the leakage of cytoplasm. These results indicated that lamprey serum could induce the disruption of outer membrane, and the release of cell contents into the external environment. These features indicated that lamprey serum has an important influence on tumor cell membrane systems which contain plasma membrane, nuclear envelope, and mitochondrial outer membrane, and finally results in tumor cell lyses. Therefore, the cell death process induced by lamprey serum was quick, violent, and irreversible. This novel phenomenon of cell killing induced by lamprey serum is different from the serum cytotoxicity of jawed vertebrate. Jawed vertebrate serum cytotoxicity is always mediated by complement system. The destruction process of complement system only causes outer-membrane disruption and leads to the formation of blebs. However, the inner membrane and organelles remain intact. At the same time, a complement system does not cause formation of cell protuberance at target cell surface [12 -14] . The character of Significant morphological changes were observed: nucleus swelled obviously and almost filled the whole cell body; chondriosome was swollen and disrupted; the cytoplasm was beginning to condense and the cell outlines were irregular; the chromatin was clumped and had accumulated mainly at the nuclear rim; polyribosome had completely dissociated to free monoribosome. Scale bar: 1 mm.
normal lamprey serum killing may prove that some unknown functional proteins possibly participate in the innate immune response and serve as in recognition of various pathogens in this oldest agnatha. In the future research, we are going to isolate and purify function proteins which could be involved in lamprey serum cytotoxicity, as well as to further elucidate the mechanism using in vivo tumor models.
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